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A new electronic model is developed along largely qualitative lines to account for some of the structural and 
compositional observations in the area of high-temperature superconducting cuprates. The model is based upon 
the avoided crossing with interatomic separation of two energetically close states, one containing electron holes on 
copper and the other electron holes on oxygen. If these two curves lie close together, both energetically and 
configurationally, then a new hybrid state is generated, described at the crossing point by an equal mixture of both. 
The generation of this state is very sensitive to copper oxidation level, and small atomic displacements around the 
energy minimum lead to large changes in the nature of the wave function and, hence, fluctuations in both spin and 
charge. It is suggested, without proof, that this electronicstate-of-affairs corresponds to that of the high-temperature 
superconductor. The variation in the nature of the wave function with distance and, hence, the strength of these 
fluctuations show striking similarities with the system dependence of the superconducting transition temperature 
in the cuprate superconductors. 

Introduction 
There are several important questions which need to be 

answered for the high- temperature superconducting cuprates 
before the details of the superconducting state can really be 
addressed in these fascinating materials. They are associated 
with the nature of the electronic state which exists at the 
superconducting composition, how it may be reached by variation 
in chemical composition in the broadest sense, and how the details 
of the geometric structure and composition influence it. In this 
paper we take an electronic model, which we recently briefly 
presented,l and discuss its implications in terms of the structural 
and compositional basis for high-temperature superconductivity. 
Much of the discussion will necessarily be qualitative. 

The volume of research that has been completed2 in this area 
is enormous and so a brief review of some salient points will be 
important to direct attention toward some important general 
observations which we believe have a bearing on the problems at 
hand. There are now perhaps some fifty different superconductors 
of this type which are known, although counting all of the smaller 
variations in stoichiometry will lead to a larger figure. 

(a) In all of these materials a common feature is the presence 
of the Cu02 sheet shown in 1. Typical Cu-O distances range 

1 

from 1.88 to 1.94 A in the hole-doped superconductors but longer 
in their electron-doped analogs and other cuprates. Very often 
the sheet is not completely flat, sometimes being folded or rumpled. 
Almost always there are one or two oxygen atoms coordinated 
above and below this plane but with considerably longer Cu-O 
distances (2.3-2.5 A). Sincetheelectroniccofligurationat copper 
in all of these compounds is close to d9, this local structural 
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distortion may be regarded as arising uia a Jahn-Teller distortion 
of the regular octahedral arrangement. Between the sheets lie 
the rest of the structure, usually described as the "reservoir" (2). 

1 
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Its exact electronic role varies from system to system, but its 
chemical composition and structure determines the amount of 
charge formally donated or removed from these CUOZ sheets. 
There appears to be, in those cases where statements concerning 
copper oxidation state are possible, a critical doping level of the 
sheet for superconductivity. For example in the hole-doped system 
La2-$rxCu04 the maximum Tc is achieved (vide infra) for x - 
0.15, and very similar copper oxidation state ( C U - ~ ~  and Tc 
are found3 in La2-$rxCu04.07. In the electron-doped systems 
both R E ~ - x M * V x C ~ 0 ~ 4 ~ 5  and RE2CuOkxFx6 are known with 
similar T,'s, similar geometrical structures from diffraction results, 

~~ ~~ 
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and, since x is close to 0.17 in both cases, similar copper oxidation 
states. (In most of the bismuth- and thallium-containing systems 
the stoichiometry is not known accurately and so neither is the 
copper oxidation state. In the 1-2-3 compound, YBazCupO74, 
the doping process arises via band overlap7J and so similar 
quantitative comments may not be made from the chemical 
formula alone.) 

(b) A striking feature of these superconductors is the degree 
to which changes in stoichiometry, invariably rather small, have 
on thesuperconducting transition temperature. The compositional 
dependence of the critical superconducting temperature in many 
of these materials has the inverted parabolic shape shown in 3. 

Burdett 
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3 
In La2-srxCu04 the maximum Tc lies at x - 0.15 (We will 
ignore for the present the asymmetry of this peak found 
experimentallyg and the splitting foundlo in La2-xBaxCu04.) 
Similar behavior is found for other systems but is often not as 
readily quantifiable. Thus the thallium 2212 compound shows 
striking variations in Tc with both oxygenll and thallium12 
stoichioinetry. Tc may also be controlled by annealling13 with 
hydrogen which leads to removal of oxygen. An inverted parabola 
is found for Tc vs x in Bi2SrzCal,YxCuzOs+a, to mention but one 
e~amp1e.l~ In the sense that the (211-0 distance or the bond 
valence sum (BVS) at copper are measures of hole doping (vide 
infra), inverted parabolas are found for a series of superconducting 
families in the Tc vs BVS plots of Whangbo and Torardi." 

(c) The electronic implications of pictures such as that shown 
in 3 are far-reaching. The unpaired "copper 3d electron" is 
certainly localized in an orbital with large Cu 3d character in the 
undoped, antiferromagnetically insulating material LazCuO4. The 
doped material La2-srxCu04 becomes a superconductor beyond 
x - 0.05 and eventually, at larger x,  a normal metal. In the 
latter the valence electrons are described by a delocalized state. 
The superconducting region therefore lies between normal metal 
and insulator and, hence, between two very different electronic 
situations. Estimates'6of the ratio of theon-site electron-electron 
repulsion to the bandwidth, lJ/ W, are close to 1, an electronic 
regime which is usually difficult to describe, since correlation 
effects are very important here. 

(d) There are some rather special observations concerning the 
thermodynamic stability of the cuprate superconductors. There 

(7) Yu, J.; Massidda, S.; Freeman, A. J.; Koelling, D. D. Phys. Lett. 1987, 
A122,283. 
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(9) E.g.: Jorgensen, J. D.; Hinks, D. G.; Hunter, B. A.; Heman, R. L.; 
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is now quite a body of evidence which identifies the supercon- 
ducting state with a region of thermodynamic stability on the 
phase diagram. This has been called17 a "unique thermodynamic 
state". In contrast to the known low-temperaturesuperconductors, 
the superconducting cuprates often appear to be generated as one 
of the components resulting from phase separation. An interesting 
example is the oxygen-rich material LazCu04+a. At room 
temperature and below, La2CuO,+a is not phase pure;3 at around 
this temperature a phase separation occurs, LazCu04+6 - 
La2Cu04 + LazCuO4.07, the proportions of the two phases being 
set by the value of 6. LazCuO4 itself is an insulator, but the 04.07 

material is a superconductor with a Tc - 35 K. As noted above, 
this system has a copper oxidation state (Cu2.14+) and Tc very 
similar indeed to the optimumvalues for the La2-$rxCu04 series. 
In a related observation, heating the Laz-SrXCu04 compound at 
temperatures high enough to allow Sr mobility leads tol8 
generation of Lal,&o,l&uO4, the stoichiometry with the 
maximum Tc. Phase separation is also found in the electron- 
doped regime for both REZ-~M~" ,CUO~~,~  and REzCUO+,F,.~ 
The situation for other more complex materials with thallium 
and bismuth containing interlayers is not as clear-cut. In the 
latter there are many phases, the systems are in general not well- 
characterized, and we have a much poorer understanding of the 
details of the structure. 

Although there are many qualifications to the following 
summary, we may state the essential features of the problem 
briefly as follows. Superconductivity is associated with the Cu02 
planes. The superconducting state is generated by a particular 
oxidation state of the copper atoms in these planes, so that one 
of the roles of the reservoir material is to optimally dope these 
sheets. There is a thermodynamic stabilization of the Cu02 planes 
at this particular composition. 

Electronic Model 
There have been several theoretical studies which attempt to 

address the electronic description of these materials. LDA 
 calculation^,^ in excellent agreement with the photoelectron 
spectral9 of the 1-2-3 compound for example, point to the 
applicability of a traditional band model for the superconductor 
at least as far as these high energy excitations are concerned. 4 

"'-\B 
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shows the general picture which comes from tight-binding theory 
too.ZC The copper x2 - y2 and oxygen 2p orbitals are close in 
energy, are involved in strong interactions, and lead to the 
generation of "bonding" and "antibonding" bands. With the 
electron count appropriate for these systems, -Cu(II) or d9, the 
upper of the two bands is approximately half full. The Cu-0 
antibonding nature of this band is substantiated experimentally 
by the increase in Cu-0 distance on electron doping and the 
decrease in Cu-0 distance on hole doping.20 These LDA 
calculations failz1 however to reproduce the localized nature of 

(17) Goodenough, J. B., Zhou, J.-S., Chan, J. In Lattice Effects in High-T, 
Superconductors; Proceedings of a Workshop held in Santa Fe, NM, 
Jan 13-15 1992; World Scientific: Singapore, 1992. 

(18) Jorgensen, J. D., Lightfoot, P., Pei, S., Dabrowski, B., Richards, D. R., 
Hinks, D. G. In Advances in Superconductivity-111; Kajaimura, K., 
Hayakawa, H., Eds.; Springer-Verlag: Tokyo, 1991; pp 337-342. 

(19) (a) Arko, A. J.; et al. Phys. Rev. 1989, B40, 2268. (b) Redinger, J., 
Freeman, A. J., Yu, J., Maesidda, S. Phys. Lett. 1987, A124, 469. 

(20) Wang, E., Tarrascon, J-M., Greene, L. H., Hull, G. W., McKinnon, W. 
R. Phys. Rev. 1990, 841, 6582. 
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contains more orbital character from the less strongly bound 
starting level. Thus in Sa the upper level is largely copper x2 - 
y2  and the lower level oxygen 2p. In !% the converse is true. Less 
easy to understand however, is how these “effective”, or renor- 
malized, starting energies vary with doping. However, certainly 
they will change, as evidenced by the numerical calculations of 
refs 22 and 23. With two energy levels and three electrons, two 
doublet states may be generated and are shown in 6. The energetic 
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Figure 1. (a) Avoided crossing of covalent and ionic curves in the alkali 
halides as a function of internuclear separation. (b) Behavior of the Berry 
function, B (see text), for the two cases of NaI and KI. The wider function 
for NaI results from larger overlap between the two curves than for the 
KI case. (The r(M-X) scales are not coincident for the two cases.) 

the bonding in the undoped 2- 1-4 compound which is an insulator. 
Particularly interesting have been calculations using the Hubbard 
formalism22 or INDO or ob initio molecular orbital methods23 
on small clusters, designed to mimic the infinite two-dimensional 
Cu02 sheet. These show in a very clear way how the nature of 
the highest occupied levels change on doping for a fixed Cu-0 
distance. In the undoped state the electronic description is one 
where the unpaired copper electron is located in a localized orbital 
which is largely copper x2-y2 in character. On doping however, 
the character of the state changes such that the holes now lie in 
a delocalized state which is largely oxygen in character. So, 
associated with the change from a localized to delocalized 
description (Le., insulator to metal), there has been a significant 
change in the nature of the orbitals involved. This change in 
orbital character is relatively easy to understand from 5. The 
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higher energy level which results from the interaction of two 
nondegenerate orbitals is antibonding between the two and 

(21) Vaknin, D.; et al. Phys. Reu. Let?. 1987, 58, 2802. 
(22) Hybertsen, M. S., Stechel, E. B., Schluter, M., Jennison, D. R. Phys. 

Rea 1990, B41, 11068. 

6 

ordering of the “oxygen” and “copper” one-electron levels which 
we have just described will determine the character of these two 
states. How they change in energy as the Cu-0 distance is reduced 
is difficult to predict quantitatively, especially since in the solid 
state a band model is eventually a good electronic description. 
How the localized states at large internuclear separation evolve 
into delocalized states at shorter distances has been the object of 
many studiesz4 and is still an area of considerable flux. Initially, 
however, we shall not concern ourselves with this question. We 
suggest, however, that each state will contain an energy minimum 
at some r(Cu-0) as shown in 7. An important consequence of 
this picture is that since these two states have the same symmetry, 
there will be an avoided crossing between them. 

E 
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r(Cu-0) 
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It is profitable at this stage to recall the well-known avoided 
crossing between ionic and covalent curves for the alkali halide 
molecules.25 These take place at distances larger than the 
equilibrium separation and the general picture is shown in Figure 
1. Although such molecules have provided useful theoretical 
and experimental test-beds for avoided crossings,26 the phenom- 
enon is commonplace in chemistry. As the internuclear separation 
decreases in Figure 1, it is clear that at some point the electron 
effectively jumps from sodium to chlorine, Mullilcen’s “sudden 
electron t r a n ~ f e r ” . ~ ~  In the region close to the crossing point the 
wave function describing the adiabatic curves changes dramat- 
ically in accord with such an idea. From high-quality calculations 
Hay, Kahn, and Shavitt showed2’ how the dipole moments of the 
two states involved show dramatic changes on moving through 
the crossing region for LiF. Berry26 showed that if the wave 
function is written as $ = C I $ I  + ~ 2 4 2 ,  where $1.2 represent the 

(23) Wang, Y. J., Newton, M. D., Davenport, J. W. Phys. Rw. 1992, BOOO, 
oo00. Martin, R. L. In Cluster Models for SurfaceandBulkPhemmenanomcna; 
Pacchioni, G., Bagus, P. S., Eds.; Plenum: New York, 1992. 

(24) For a discussion of thisclassic problem see: Mott,N. F. Metal-Insulator 
Transitions; Taylor and Francis: Bristol, PA, 1974. 

(25) See, for example: Mulliken, R. S. J. Chim. Phys. Phys. Chim. Biol. 
1964, 61, 20. 

(26) Berry, R. S. J.  Chem. Phys. 1957, 27, 1288. 
(27) Kahn, L. R., Hay, P. J., Shavitt, I. J.  Chem. Phys. 1974, 61, 3530. 
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Figure 2. Four psibilities for the intersection of “copper” and ’oxygen” curves in the cuprates, by analogy with the behavior in Figure 1. (a) Undopcd 
case where the energy separation, A, at large r(Cu-0) is large. The electronic description is of a largely copper located, localized state. (b) Heavily 
dopcd case where A is negative. The electronic description is of a largely oxygen located, delocalized state. (c, d) Two intermediate cases, which differ 
in the magnitude of the interaction between the two curves. In (c) it is small, but it is large enough in (d) to generate a single minimum. 

ionic and covalent wave functions, then a useful way of 
representing this sharp change in the nature of the state is to 
follow the parameter dcl/dr as a function of internuclear 
separation. (In fact Berry used B = log((drl/dr)/cz + l).) Peaked 
behavior for this function is found (Figure l),  centered at the 
internuclear separation appropriate for the crossing, rait. The 
width of the Berry function increases and its height decreases as 
the overlap between the ionic and covalent states increases. Of 
course the variation on the magnitude of the interaction between 
the two states varies with distance in the same way. 

Superconducting Regime 

The discussion of the last section sets up the problem which 
will be addressed here, namely how the behavior of the electronic 
states concerned is controlled by chemical composition and 
structure. It will be convenient to discuss four different cases’ 
derived from the picture shown in 7. As noted above, the “copper” 
and “oxygen” curves (labels used to identify the location of the 
electron holes) will be shifted relative to each depending on the 
doping level. In the undoped material the “copper” state lies 
lower, in the heavily doped material the “oxygen” state lies lower, 
and in between the two are close in energy. Figure 2a shows the 
undoped case, appropriate for La2Cu0.1 itself. Because of the 
functional form of the two curves, the avoided crossing takes 
place at a short Cu-0 distance. It is not an important event since 
the system lies in a minimum largely determined by the “copper” 
curve. Figure 2b shows the other extreme, the heavily doped 
case, where the energies of the two curves at large r(Cu-O) are 
reversed. The avoided crossing is not significant here since it 
takes place at a longer distance than the equilibrium internuclear 
separation. Appropriate for a heavily doped, metallic La2- 
&,Cu04 system, theelectronicdescription is of a largely oxygen- 
located band. 

The intermediate cases are particularly interesting since here 
the crossing of the two states is important. If the interaction 
between the two states, “copper” and “oxygen”, is small, then, as 
shown in Figure 2c, there may be two states, either equal or close 
in energy. One is “copper”, and the other, “oxygen”. This state 
of affairs describes the series of interconfigurational fluctuation 
 compound^^^*^^ found for SmS and several rare earth compounds. 
Here a change in pressure or temperature may switch the system 
from one minimum to another. For SmS one of the states would 
be labeled as fh and theother as theintercodigurational fluctuating 
state d l P .  The first is localized, and the second, metallic. The 
metallic state has the shorter Sm-S distance. 

An especially interesting state of affairs is depicted in Figure 
2d. Here the interaction between the two curves is large enough 
to generate a single minimum. We have described this as a “magic 
state” with a set of unique properties which we have suggested 
are those of the high-temperature superconductor. The major 
prediction of the model is that there is a single doping level for 
an isolated CuOz sheet which gives rise to the electronic 
requirements for the “degenerate” crossing of Figure 2d and that 
the resulting electronic stabilization of the system is absent for 
the other three cases. Such a prediction allows an explanation 
of the origin of the phase separation noted above3J8for LaZCu04+6 
and Laz-&,CuO4 and suggests that the “magic” d electron count 
for the CuOz plane is -8.85. The criteria for generation of such 
a state are just those identified some years namely copper 
and oxygen states which are close in energy and with a large 
interaction energy between the two. The present state of affairs 
differs from that discussed for SmS above in the important sense 
that there the interaction energy (between the d and f states) is 
(28) Varma, C. M. Rev. Mod. Phys. 1976, 48, 218. 
(29) Wilson, J. A. Srruct. Bonding 1977, 32, 58. 
(30) Varma, C. M., Schmitt-Rink, S., Abraham, E. Solid Stare Commun. 

1987, 62, 68 1 .  
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Figure 3. (a) Variation in the wave function (c1) on moving through the crossing point (r.& of the two diabatic curves of Figure 2d as a function 
of the dimensionless parameter q. This is the ratio of the relative slopes of the two interacting curves at the crossing point to the interaction integral 
between them. (b) Variation in the parameter Ac12. Notice that smaller q values, corresponding to larger interaction integrals, lead to the wider, flatter 
shapes for this function. The behavior of the Berry function (Figure 1) is similar. 

smaller. The presence of this stabilization at the superconducting 
composition should show up in other ways, as a shortening of the 
Cu-0 distance perhaps. 

The electronic description of the magic state is very interesting. 
At the very bottom of the minimum of Figure 2d the wave function 
is composed of equal contributions from the two diabatic states. 
Following the discussion above for the alkali halides the wave 
function may be written as + = cl4l + ~ 2 4 2 ,  where c1 and c2 are 
now the weights of the "copper" and "oxygen" states rather than 
the covalent and ionic states. Figure 3a shows how the wave 
function changes (variation in c1) around the critical point. Figure 
3b shows a plot of the change in the electronic description, Aclz 
for some arbitrary amplitude either side of the critical point. The 
behavior of Berry's function, dcl/dr, as a function of internuclear 
separation is similar. The details of the change in wave function 
resulting from the interaction of any two states (assumed to be 
linear in the crossing region) is determined31 by the dimensionless 
parameter 7, the ratio of the relative slopes of the two interacting 
CUNW at the crossing point to the interaction integral between 
them. Notice that the larger interaction integral (presumably 
associated with a shorter distance) gives rise to a wider, flatter 
peak in Figure 3b. Vibrations centered around the magic point 
involve large movements of charge. Small displacements will 
take a state where the valence charge density is largely oxygen 
in character (e.g.) to one largely copper in character. We should 
therefore expect to see large infrared intensities for some of the 
vibrations of the system in this region. This has been 
in the YBazCu307-a material for the 155-cm-l phonon. Also the 
dramatic change in the nature of the electronic state on reaching 
the magic composition should be detectable by other means. In 

(31) Burdett, J. K. New J. Chem. 1993, 17, 107. 
(32) Genzel, L., Wittlin, A., Bauer, M., Cardona, M., SchBnherr, E., Simon, 

A. Phys. Rev. 1989,840. 2170. 

fact there are33 extreme and hitherto unknown variations in the 
ratio of the SIMS emission intensities of Cu+ and Cu- ions on 
attaining a superconducting composition. Such changes have 
been suggested34 to be indicative of the change in the nature of 
the chemical bonding in the solid. 

It is now important to identify more clearly the electronic nature 
of the functions, 41.2. Obviously in SmS one is delocalized but 
the other localized, leading to a pair of states, one insulating and 
the other metallic. Difficult to establish though is whether the 
diabatic states are localized or delocalized at the crossing point 
in Figure 2d for the cuprates. This comes back to the vexed 
question of whether the lwalised state evolves smoothly into the 
delocalized one on changing distance or doping level or whether 
the intermediate state is better described as a collection of small 
polarons. We can get some clues from the size of the Coulomb 
repulsion terms obtained from calculation. It is quite clear (see, 
for example ref 21) that the Coulomb Uderived from a 3-band 
Hubbard model for these systems is considerably larger for copper 
3d (ud - 10.5 eV) than for oxygen 2p (Up - 4 eV). These 
results suggest that the "oxygen" state is likely to be delocalized 
but the "copper" state not. Thus we need to go beyond the simple 
picture of 4-6 and include the correlation splitting of the "copper" 
band. In other words the interaction which takes place between 
the two states in Figure 2d is effectively between the delocalized 
oxygen band and the lower of the two Hubbard bands. This gives 
rise to the following sequence on doping: Figure 2a (undoped, 
localized, insulator) f Figure 2d (doped, hybrid state, supercon- 
ductor) f Figure 2b (doped, delocalized, metallic). This hybrid 
state is thus a very interesting electronic entity. For the electron- 
(33) Levi-Setti, R., Sodonis, A. A., Chabala, J. M., Seidler, G. T., Zhang, 

K., Wolbach, W. S. In Seeondary Ion Mass Spectrometry-SIMS WII, 
Benninghoven, A., Janssen, K. T. F., Tiimpner, J., Werner, A. W., W.; 
Wiley: New York, 1992, 769. 

(34) Somorjai, G. A., Lester, J. E. Prog. Solid State Chem. 1967, I, 1. 
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doped systems we can envisage an exactly analogous process 
involving the upper Hubbard band. The discussion here of course 
is nothing short of reasoned speculation, but it does quite clearly 
identify some of the key, and as yet unanswered, questions 
concerning the electronic description of these materials. 

What is the connection between this magic state and super- 
conductivity? Until we have a model for the superconducting 
mechanism our comments can really only be speculations. 
However, it is important to point out that the nature of the 
electronic state at rCit is very sensitive indeed to changes in 
interatomic separation as shown in Figure 3. Alternatively we 
could say that such a state will be involved in strong vibronic or 
electron-phonon coupling. In less traditional terms this electronic 
situation is probably ripe for an excitonic s u p e r c o n d u ~ t o r . ~ ~ ~ ~ ~  
Just by considering the location of the electronic charge in the 
two states, one knows that large charge fluctuations can occur 
during small atomic displacements from Figure 3. The situation 
is, though, somewhat more complex. Electronic motion is 
generally assumed through the Born-Oppenheimer approximation 
to be faster than nuclear motion. However in the curve-crossing 
region the approximation may breakdown. Landau-Zener theory 
is well developed for the molecular case to handle this, but solid- 
state analogs have not been extensively pursued. Another question 
of importance concerns the nature of the two states that interact 
in Figure 2d. If one is localized and the other delocalized as 
suggested above, then there will be very strong spin fluctuations 
possible at rd t  too. Although these are important considerations 
they do not change the broad pictures of Figure 2. For our 
purposes here we note the similarity of the plots of Figure 3b to 
the inverted parabola of 3 and to the WhangbTorardi p10ts.l~ 
In our further discussions we will explicitly use the assumption 
that either the Berry function or the parameter Ac12 measures 
the strength of these fluctuations and that they may be directly 
compared with the superconducting transition temperature. 
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Obviously the equilibrium Cu-0 distance is significantly 
affected by the doping level. As noted earlier the “xz - y2” band 
is Cu-0 antibonding, and thus metal oxidation leads to shortening 
of this distance. Hence the spectrum of behavior shown in Figure 
2 does not take place within a rigid structural framework. In 
addition the reservoir material has structural demands of its own. 
We can envisage two types of behavior. The first is shown in 
Figure 4. Imagine a series of compounds which only differ in the 
size of the metal ions (Mk) which reside in the reservoir region 
with slightly different sizes. The doping level is such that the 
energetics look like that of Figure 2d, but only one of the possible 
choice of metal ions (Mi) has the correct size such that the system 
lies at rcrit. Energetically this shows up via the competing 
energetics of the “electronic” demands of the CuO2 sheet (curve 
I) and the “size” demands of the reservoir (curve 11). For M = 
Mi the two plots of Figure 4a have identical minima, but for M 
# Mi (Figure 4b) the two plots have different minima leading 
to an equilibrium geometry away from rdt. This leads to rather 
different electronic descriptions as shown in Figure 4d as the 
metal ion size is varied. Figure 4e shows the experimental r e s~ l t . 3~~  
for the variation in Tc for the electron-doped materials as a function 
of the rare earth atom “size”. The second type of behavior is 
much more drastic and will be found if the geometry demands 
of the reservoir are very different from those of the CuO2 sheet. 
Even if the doping level is correct so that Figure 2d behavior is 
expected for the CUOZ sheet, the internuclear separation may be 
forced completely away from rdt by the size demands of the 
reservoir (Figure 4c). In this case the electronic description 
(Figure 4d) is uninteresting (M = Mbig). We suggest that this 
state of affairs exists36 in Laz-SrSnCuO6, where the large Sn04 
layer stretches the CuOz sheets. (The system is a little more 
complex than this though3’) Figure 4e shows the observed 
dependence of T, on the size of the rare earth for the electron- 
doped compounds. There are similar plots for other materials. 
A plot very similar to this one is found3* for the pressure 
dependence of T, for the La2-,Cal+,Cu~06 system. Here pressure 
is sufficient to tune Tc though a maximum value and back down 
again. 

If the system is synthesized with a given stoichiometry away 
from the magic point under conditions where there has been no 
phase separation, then it is simple to follow the description of the 
electronic state by extending the picture of Figure 2. This is 
shown in Figure 5a-e. In case a the wave function is 100% 
“copper”, in case b the mixed state which is produced has some 
“oxygen” character, in case c (the magic state of Figure 2d) the 
mixed state has equal weight from ”copper” and “oxygen” states, 
in case d the resulting state is more heavily weighted toward 
“oxygen”, and finally in case e the state is completely “oxygen” 
in character. The behavior of the parameter Ac12 or the Berry 
function, dcl ldr, as a function of internuclear separation (Figure 
5f) looks very similar to that shown in Figure 4d. 

Thus the generation of the single minimum potential with the 
interesting properties we have described is quite sensitive to the 
location of the two diabaticcurves. Small chang esin their p i t i on  
may lead to an electronic description which lacks this mixed 
character and thus loss of the magic state. Therefore small 
changes in the doping level or the geometrical structure, which 
change the location of the two intersecting curves, can destroy 
it entirely. We note similar sensitive behavior observed exper- 
imentally for T, as a function of composition and structure. 
However the model does indicate that on doping, the localized 
“copper” state evolves smoothly into the delocalized metallic state 
through the magic state. This is in contrast to the behavior of 
Figure 2c, applicable for example to the transition from the 
localized f“ state to the fluctuating state P 1 d l  for SmS. Here the 
transition is predicted (and is observed) to be discontinuous under 

(39) Markert, J. T., Beille, J., Neumeier, J. J., Early, E. A., Seaman, C. L., 
Moran. T.. Made. M. B. Phvs. Reu. Lett. 1990. 64. 80. 

Stability of the Magic State 

The model described above provides a strong stabilization of 
that special electron configuration which leads to the generation 
of the magic state, such a stabilization being absent for other 
electron counts. At the lowest level of approximation then the 
role of the extra oxygen or Sr substitution in LazCu04 is simply 
todope the planes to thecorrect level for its generation. However, 
it is clear that ensuring the correct dopant level is not the sole 
requirement for observation of even metallic behavior in these 
systems. For example, the two systems36 Lal-Srl+,ECuOs, where 
E = aluminum or gallium, both contain CuO2 planes, folded in 
a slightly different way compared to those in La2_.SrxCu04. When 
E = Al, the compound has a brownmillerite-like structure, can 
be made stoichiometric, and is an antiferromagnetic insulator 
with a half-filled band. For E = Ga, the brownmillerite structure 
itself is adopted, a stoichiometric material cannot be made as a 
single phase, but a compound with x - 0.1 can. Although the 
copper oxidation state is similar to that for superconducting Laz- 
$rxCu04, the material is a semiconductor. Id7 Laz-SrSnCuO6 
semiconducting behavior is found at Sr doping levels which lead 
to superconductivity in La2Cu04. As a third example we note the 
case of TlMRECuO5. Here superconductors are found3E for RE 
= La, Nd and M = Sr but not when M = Ba. The systems are 
isostructural, but there is a small difference in r(Cu-O) between 
the two of 0.05 A. 

(35) Little, W. A. Phys. Reu. 1964, 134, 1416; J.  Phys. 1983, 44, C3. 
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Sabat, M., Hwu, S-J., Poeppelmeier, K., Reller, A., Williams, T. J.  
Solid State Chem. 1990, 87, 250. Vaughey, J. T., Wiley, J. D., 
Poeppelmeier, K. Z .  Anorg. AIIg. Chem. 1991,589-599, 327. 

(37) Anderson, M. T., Poeppelmeier, K., Gramsch, S. A., Burdett, J. K. J.  
Solid Stare Chem. 1993, 102, 164. 

(38) Whangbo, M.-H., Subramanian, M. A. J .  Solid State Chem. 1991,91, 
403. 

(40) Yamada, Y., I&oshita, K.,’Matsumoto, T., Izumi; F., Yamada, T. 
Physica 1991,  185-189, 1299. 
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Figure 4. Interplay of the electronic demands of the CUOZ sheet and the size demands of the reservoir material in setting the equilibrium Cu-0 distance 
in optimally doped materials. In (a)-(c) are shown three cases where the energetic behavior of the Cu02 sheet (curve I), identical to the lower energy 
curve of Figure 2d (with a minimum at the critical Cu-O distance, rdt, where the avoided crossing occurs), and the behavior of the reservoir (curve 
11) combine to produce the resultant curve 111. In (a) curves I and I1 have identical minima and 80 the equilibrium Cu-O distance lies exactly at  rdt 
labeled with a dashed line. In (b) the size match is not exact and thus the equilibrium distance (indicated by the dotted line) lies close to, but not 
exactly at, r&t. In (c) the size match is very poor and the equilibrium distance lies far away from m i t .  (d) shows how the function Ac12 which describes 
the fluctuations in the wave function is expected to behave for the three cases. The role of the reservoir is to move the Cu-O distance through the 
critical crossing region. (e) Observed39 variation in Tc for the electron-doped superconductors RE2-,MXCu04 as a function of the crystal radius of the 
RE atom for the two series M = Th, Ce. 
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Figure 5. (a-e) Amplified views of the proctsses of Figure 2a,b,d. (c) is identical to Figure 2d, but (b) and (d) show small changes in doping level 
either side of this point. (f) shows how the function Ac12 is expected to behave in the five cases. As the equilibrium distance moves away from the 
critical crossing point, so the wave function becomes increasingly composed of just one component. 

pressure. A plot of lattice constant vs atomic number for the 
REX (X = chalcogen) systems shows32 a discontinuity for Sm 

and Eu, the extent of the discontinuity being the difference in the 
equilibrium distance for the two states in Figure 2c. 
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TlMRECu05, mentioned above, and the 1-2-3 system:’ 
YBazCu3074, are two examples where the doping of the CuOz 
sheets with holes takes place internally via the o ~ e r l a p ~ ~ ~ *  of copper 
and reservoir bands. It has been suggested38 that the doping in 
the former species is controlled by the relative location of the two 
bands, set by the geometrical details of the structure. The larger 
Baz+ion is presumed to stretch the CuOz sheet, change the location 
of the xz -y2 band, and switch off the charge transfer. In Tl(Srl- 
.Ba,)LaCuOS solid solutions42 the lattice constants vary smoothly 
for 0 I x I 1, but by x = 0.3 superconductivity is lost in accord 
with such an idea. Such a change with x is in accord with a 
combination of the pictures of Figures 4 and 5 .  

Somewhat smaller changes in T, are found43 in the 1-2-3 
compound REBazCu307 with variation in RE. There is a gradual 
drop in T, as the size of the rare earth ion decreases. How the 
doping varies with 6 in the 1-2-3 compound is quite complex41 
and has been the subject of much study. It depends too on the 
way the bands overlap and is clearly sensitive to the geometry 
and chemical identity of the chain region.42 Here though there 
is a discontinuity in the T, vs 6 plot at 6 - 0.6 where T, drops 
precipitiously to zero, and the system becomes a semiconductor 
for 6 > -0.6. Such a point is associated with a structural change 
as well. The region with 6 < -0.6 is associated with supercon- 
ductivity and ordering of the interplanar oxygen atoms into chains 
wherepossible. The region with 6 > -0.6 is not superconducting 
and the oxygen atoms in the interplanar region are disordered. 
We have argued e l ~ e w h e r e ~ ~ . ~ ~  that the ordering of these mobile 
oxygen atoms is vital for planechain electron transfer via band 
overlap. However, the presence of such chains in the structure 
sets up an orthorhombic strain in the structure and it is therefore 
not surprising that at some critical value of 6, corresponding to 
a critical chain concentration, there is a first-order transition to 
a tetragonal structure where the oxygen atoms are disordered 
among the twocrystallographicsites (O,l/2,0) and (I/z,O,O). Within 
the frameworkof the present discussion, the ordered, orthorhombic 
structure is stabilized by the mechanism of Figure 2d and is a 
superconductor, and the disordered, tetragonal structure is 
stabilized by loss of the orthorhombic strain but is a semiconductor. 
There are a series of experimentsa in this system showing a gradual 
increase in T, with time, as rapidly quenched samples are allowed 
to stand at room temperature. This is associated with ordering 
of the oxygen atoms into chains and is clearly driven by a 
stabilization of this arrangement. 

System Specificity 
Perhaps the most obvious question to ask at this stage is why 

high temperature superconductivity has only been found in the 
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cuprates. We will rephrase this question and ask within the context 
of our discussion what are the criteria for generation of the magic 
state. Clearly the juxtaposition of metal and oxygen levels is 
important, as is a strong interaction between the “copper” and 
“oxygen” states, the factor that distinguishes the two cases of 
Figure 2c,d. These two requirements have been identified in 
earlier theoretical efforts.30 Importantly too, the crossing point 
of the two states must take place close to the equilibrium bond 
length, an important new perspective and one absent in previous 
schemes. Thus solid NaCl (cf. Figure 1) will not be a candidate 
because of the unfavorable location of the crossing point. 
(Parenthetically we note that the properties of the lower adiabatic 
curve in Figure 2d should be similar to those of the upper curve 
of Figure 1 discussed in ref 47.) Oneof the important observations 
concerning these materials is that those with the highest T,contain 
thallium or bismuth. Since the electronegativity of these atoms 
is much closer to that of the atoms of the CuOz sheet than in the 
2- 1-4 compound for example, the electronic separation between 
planes and reservoir used above is not as valid. In orbital terms, 
although the levels of the Cu02 sheet are largely localized over 
the copper and oxygen atoms in the planes, in the 2-1-4 compound, 
they may contain significant T1 or Bi character in systems such 
as in Tl2Ba2Ca&!u3010, for example. One of the results of this 
may be an effect analogous to the reduction in the magnitude of 
the atomic Racah parameters found for transition metal complexes 
and termed the nephelauxetic effect. In the solid we predict that 
such spatial delocalization of the electron density leads to a 
reduction in the effective Coulomb U parameter for the system 
and therefore a change in the functional form of the curves of 
Figure 2. It is difficult apriori to decide how the picture changes 
in detail, but if there is indeed a critical U/ W for the crossing 
point, then this should occur at longer Cu-0 distances where the 
band width W is correspondingly smaller too. Further progress 
will have to wait for more quantitative calculation. 

The general thrust of this paper has then been to show that 
there is not only a new mechanism for providing electronic stability 
at special or ”magic” electron but that the magic 
electronic state which is produced is a very unusual one. Although 
we have certainly not presented any theory which proves that this 
state is a superconductor, the properties of the Aclz parameter 
or of Berry’s function, dclldr, as a function of internuclear 
separation show striking similarities to the behavior of the critical 
superconducting transition temperature. Elsewhere3’ we show 
how an “isotope effect” may be generated using this approach. 
The approach is somewhat different from other m e c h a n i ~ m s ~ ~ . ~ ~  
for phase separation in these materials but gives a picture which 
is quite similar to Goodenough’s unique thermodynamic state.” 
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